Abstract
In the following, we measure the viscosities of toluene-derived SOM over the range of RH values 1 found in the atmosphere. As in previous studies, SOM from the photo-oxidation of toluene serves 2 as a proxy for organic particulate matter from anthropogenic sources in megacities (e.g. Pandis et when the molecules are roughly the same size or larger than the molecules in the SOM matrix Champion et al., 2000; Koop et al., 2011; Shiraiwa et al., 2011; Power et al., 2013) . Finally, the 9 results are used to estimate the viscosities and diffusion rates in organic particulate matter over 10 megacities. Mass concentrations of SOM particles in the OFR were 60-100 μg m -3 and 600-1000 μg m -3 for 5 the two different experimental conditions (see Table 1 ). At the outlet of the OFR, two different 6 methods were used for the collection of SOM particles. In the first method, SOM particles were 7 collected on a hydrophobic slide using an electrostatic precipitator (TSI 3089, USA). After 8 collection, the SOM particles on the hydrophobic slides, formed from coalescence during sampling,
9
were smaller than ~5 µm in diameter. For the bead-mobility and poke-flow techniques, however,
10
particle sizes between 20 -60 µm in diameter are needed. To generate these large sizes, the 11 hydrophobic slides containing the SOM particles were placed inside an RH-and temperature-12 controlled flow cell (Pant et al., 2006; Bertram et al., 2011; Song et al., 2012) and the RH was 13 increased to > 100%. This procedure caused particle growth by water uptake and eventual 14 coagulation among particles. This growth and coagulation process resulted in larger but fewer
15
SOM particles on the hydrophobic slides. Details of this procedure are given by Renbaum-Wolff 16 et al. (2015) and Song et al. (2015) . This procedure was used for samples 1, 2, 5, and 6 shown in 17 Table 1 .
18
The bead-mobility technique was previously described in Renbaum-Wolff et al. (2013a, b) . Briefly, 1 a water suspension of ~1 μm insoluble melamine beads (Sigma Aldrich Cat. #86296) was 2 nebulized and incorporated into supermicron SOM particles deposited on a hydrophobic substrate 3 (toluene samples 1-4, Table 1 ). The hydrophobic substrate with the SOM particles and beads was 4 placed in a flow-cell with variable RH and a temperature of 295 ± 1 K. A continuous flow of 5 N2/H2O gas (flow rate  1200 sccm) was passed over the supermicron particles. The flow above 6 the particles resulted in a shear stress on the particle surface and internal circulations within the 7 particle, which could be visualized by observing the beads within the particles with a light-8 transmitting microscope coupled to a CCD camera (Zeiss Axio Observer, magnification 40).
9
Figure 1 shows images from a typical bead-mobility experiment for a toluene-derived SOM 10 particle at 80% RH. Typically, 1 to 7 beads were monitored within a particle over 50 -100 frames.
11
The time between frames ranged from 0.2 s -10 min depending on the velocity of the beads. From 12 the location of the beads as a function of time, the speed of individual beads was determined. These
13
individual speeds were then used to determine average bead speeds for a given sample and RH.
14
The measured speeds of 3 -10 beads were used to determine a mean bead speed. Bead speeds were 15 not reported at RH < 60% since at these RH values the movements of the beads were too slow to 16 measure for typical observation times.
17
The average bead speed for a given sample and RH was converted to viscosity using a calibration using a hygrometer with a chilled mirror sensor (General Eastern, Canada), which was calibrated 21 by measuring the deliquescence RH for pure ammonium sulfate particles (80.0% RH at 293 K,
22
Martin (2000)). The uncertainty of the hygrometer was ± 0.5% RH after calibration. The poke-and-flow technique in conjunction with fluid simulations was used to measure the 25 viscosities of SOM particles at RH values less than 50%. This technique was not used at RH values
26
> 50% since the flow rates of the SOM after poking were too fast to observe at these RH values.
27
The qualitative method of poking an inorganic particle to determine its phase (i.e., solid or liquid) Table 2 .
23
For each particle for which flow was observed, simulations were run using a half torus geometry, 24 similar to the geometry observed in the experiments where flow was observed. The radius of the 25 tube, R, in the half torus geometry and the radius of the hole, r, in the half torus geometry used in 26 the simulations were based on the images recorded immediately after poking the particles with the 27 needle. To determine viscosity for each particle, viscosity in the simulations was adjusted until 28 τmodel, flow was within 1% of τexp, flow.
29
In cases for which the particles cracked, simulations were run using a quarter-sphere model with 
12
Using the diffusion coefficients (Dorg), the mixing time by diffusion, τmixing, of large organic times are between 0.1 and 5 h. At RH  17% the mixing time is longer than ~100 h. Despite these caveats, our estimates below should be a useful first-order approximation to the 10 mixing times of large organics in organic particulate matter over megacities.
11
For this analysis we define megacity as a metropolitan area with a total population in excess of ten Kolkata, and Istanbul) which meet this criterion.
16
In order to determine τmixing for organic particulate matter in megacities, information on the RH in 17 the cities is needed. Fig. 6 gives information on RH and temperature in the 15 most populous 18 megacities obtained from NOAA's National Climatic Data Center (NCDC) (www.ncdc.noa.gov).
19
The figure shows boxplots of average afternoon (3:00 -5:00 local time) RH and temperature from 20 these cities for the years from 2004 -2014. The afternoon (3:00 -5:00 local time) was chosen for 21 this analysis since this is the time of day when RH is typically the lowest. In the figure, the boxes within toluene-derived SOM is short (i.e., less than or equal to 0.1 h). Figure 6 (green shading)
27
and than 0.1 h at RH < 47.3%, 0.5 -5 h at 30.5% RH, and greater than ~ 100 h at RH  17%.
25
To apply the results of the viscosities, diffusion coefficients, and mixing time of the toluene-
26
derived SOM, we selected the top 15 most populous megacities. Based on the RH in the cities, and 27 if the organic particulate matter in megacities is similar to the toluene-derived SOM in this study,
28
in cities such as Kolkata, Istanbul, Dhaka, Tokyo, Shanghai, and Mumbai, mixing times during
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